Micro textures of metabasics from the Tso-Morari region, Ladakh were studied in order to understand the evolutionary metamorphic history of eclogites. The mineral chemistry, paragenesis of mineral inclusions in garnet, and zoning in omphacite, garnet and amphibole suggest three main metamorphic stages: (i) an eclogite stage with late blueschist facies metamorphism, (ii) a medium-pressure amphibolite facies stage, and (iii) a low-pressure amphibolite to greenschist facies stage. The high Si content in phengite, presence of rutile besides almandine-rich garnet and omphacite in eclogites indicate the attainment of high pressures. Also, the textural features and composition of amphiboles indicate that blueschist facies conditions represented by growth of glaucophane at high pressure and low temperature were followed by a lower-pressure stage of metamorphism represented by partial and in some cases complete reaction of glaucophane to calcic green amphibole such as magnesio-hornblende. The relationships define a clock-wise P-T path with the involvement of an isothermal uplift path for the eclogites and associated garnet-amphibolites of Tso-Morari region.
INTRODUCTION
A common feature of many eclogites is the association of anhydrous assemblage with hydrous silicates, some of which have clearly secondary alteration products occurring in textural equilibrium with anhydrous eclogite minerals like omphacite and garnet. Commonly, mineral grains of complex composition show chemical zoning from the interior to exterior, which may be used to tell the direction of change of composition with changing time (Schliestedt 1990 ). There are situations where such zoning reflects changes in chemical and/or physical conditions or with changing metamorphic conditions resulting due to different metamorphic events (Robinson et al. 1982) . Careful micro textural observation of secondary minerals replacing garnet and omphacite give important information on the uplift metamorphic history. Mineral inclusions in garnets further provide an opportunity to investigate the evolution of eclogites. Such garnets can be a useful tool in determining the reactions which produced the eclogite paragenesis. The bulk rock compositions of eclogite protoliths also form an important factor in controlling the compositions of both pyroxenes and garnets during high pressure metamorphism.
In this paper, we deal with the eclogites from Tso-Morari region, Ladakh, their mineral chemistry, zoning in minerals, and mineral inclusion studies in garnet to understand their uplift metamorphic history. However, the evidence for the nature of eclogite protoliths and their relationship to the country rock has been reviewed elsewhere .
FIELD RELATIONS
The Tso-Morari Crystalline Complex is divided into two main lithological units (Fig. 1) , the low-grade Taglang La Formation to the south and medium to high-grade Puga Formation to the north (Thakur and Misra 1984) . The Puga Formation is dominated by the quartzo-feldspathic Puga gneisses. The gneisses and the Polokongka La granite found in this formation have been dated as ~480 Ma (Girard and Bussy 1999; Rameshwar Rao and Rai 2002; Islam et al. 2006) . The Puga Formation contains metabasic rocks as lenses along with schists and marbles. Some of the metabasic bodies have suffered eclogite-facies metamorphism (de Sigoyer et al. , 2000 Guillot et al. 1997; Sachan et al. 1999; Jain et al. 2003; Singh and Verma 2006) , with ultrahigh pressure minerals like coesite from eclogites of the TsoMorari region (Mukherjee and Sachan 2001) . Much work has been carried out on the pressure-temperature conditions of the rocks of this formation (Sachan et al. 1999; de Sigoyer et al. 2000; Jain et al. 2003) . The eclogites and the associated garnet-amphibolites are the most abundant and widespread mafic rock types of the Tso-Morari Crystalline Complex. It is observed that the lenses of eclogites have rims comprising of retrograde garnetamphibolites. This corroborates the textural features of eclogites, which indicate that some amphibolites are formed by retrograde recrystallization of pre-existing eclogites (Rameshwar .
MINERALOGY OF ECLOGITES
Depending on the grain size and degree of retrogression, the rocks under study contain abundant eclogite stage minerals such as garnet, omphacite, glaucophane, clinozoisite and rutile. Additional phases in eclogites are white micas, the paragonite and phengite mica (identified based on EPMA analysis), Fe-Mg chlorite, amphibole, dolomite, kyanite and biotite. Quartz is rarely present as a primary phase, whereas ilmenite, magnetite, zircon, titanite are common accessory phases.
The mineral analyses were carried out on the SX100 CAMECA Electron Probe Micro Analyzer (EPMA) at Wadia Institute of Himalayan Geology, Dehradun, India under comparable operating conditions of 15 keV accelerating voltage, 20 nA beam current, 1 mm beam size. The PAP correction programme applied to mineral data is after Pouchou and Pichoir (1985) . The EPMA analyses of matrix minerals are given in Table 1 , the zoned garnet analyses in Table 3 , and the analyses of mineral inclusions in garnet are given in Table 4 . The splitting of FeO and Fe 2 O 3 , the stoichiometry calculations and Leake's classification of amphiboles given in Table 3 are based on the software Rameshwar Rao and Subba Rao (1996) .
Garnets are anhedral and subrounded porphyroblasts in these rocks, and they tend to be fractured. They are almandine rich and show conspicuous compositional zoning. Garnet core has high Mn and Fe/Mg (Table 2) , their X Fe ranges from 0.64 from core to 0.59 towards rim (Table 2) . They host a large number of primary and secondary inclusions like dark green amphibole, omphacite, paragonite, magnetite, ilmenite, apatite, rutile, dolomite (Table 4, . However, no inclusions of Na-amphibole, glaucophane are observed. The inclusions are found to spread through out the garnet porphyroblasts (Fig. 2a) , with inclusions such as paragonite, ilmenite, rutile, magnetite are also observed in the coremantle, while omphacite, quartz, amphibole and other inclusions are found mostly in mantle. Secondary epidote and amphibole are found to replace garnet around rim and along cracks. The distributions of inclusions in garnet suggest the zoning in garnet was probably controlled by reactions taking place during the growth of the garnet, interpreted to be as growth zoning (Krogh 1980; 1982) .
The pyroxene in these rocks is dominantly omphacite. Clinopyroxene with other variable composition are present in matrix as symplectic textures, probably suggesting their earlier existence as protoliths. Omphacite shows compositional zoning with conspicuous increase in Al and Na and decrease of Mg and Fe from core to rim (Table 1) . Amphiboles in these eclogites form either isolated crystals along with the eclogite paragenesis or poikiloblasts on garnet and omphacite. Three optically and chemically distinct amphiboles namely glaucophane, barroisite and blue-green amphibole coexist in our samples (Table 3 , Fig. 2d ). Amphiboles are seen plotting in glaucophane, winchite, barroisite and hornblende fields (Fig. 3) . The zoned amphiboles vary from glaucophane to magnesio-hornblende and show composition variation of Fe Rao and Subba Rao (1996) . (Table 1) . Phengites are characterized by high X cel (0.46), while the paragonite in these rocks have high X mus > 0.9. The biotite is rich in X eas and X phl . Retrogressive replacement of rutile by mantling ilmenite is observed in these rocks (Fig. 2b) . Zoisite and clinozoisite, the polymorph of Ca 2 Al 3 Si 3 O 12 (OH) are common rock forming minerals in these rocks. According to Poli and Schmidt (1998) in natural rocks where Fe is present, orthorhombic zoisite is typical for eclogite facies whereas clinozoisite or epidote occurs at low to intermediate pressure conditions. The other accessory minerals include Mg-Fe chlorite, dolomite, kyanite, euhedral magnetite, apatite, quartz and zircon.
DISCUSSION
The geochemical studies carried out by the authors (Rameshwar suggested that, the eclogites have generated in an intra-continental rift predating the Himalayan subduction and collision event, and that they represent the present-day surface exposure of the deep mantle plumes with an enrichment of OIB component. The protoliths of these rocks are basic igneous rocks, Fe-rich type such as ferro-gabbros and basalts with basic mineral like plagioclase, clinopyroxene and Ti-magnetite, and are derived by the partial melting of peridotite (lherzolites) at depths greater than 60-80 km. The rocks of broadly basaltic chemistry attain eclogite facies (garnet + pyroxene ± quartz) on the disappearance of plagioclase. The attainment of high pressure metamorphism by these rocks is evident from the relatively high Si contents (3.371 a.f.u.; Table 1 ) of phengite (Massonne and Schreyer 1987) , the presence of rutile besides almandine-rich garnet and omphacite (Bohlen et al. 1983 ). The eclogites with their almandine garnet, Fe +3 rich omphacite, plus rutile, magnetite, ilmenite along with other observed mineral assemblage can also be equated to the class of Fe-Ti rich Superferrain eclogites derived from Fe-Ti gabbros and basalts described by Mottana et al. (1990) .
Since the rate of mineral reactions in the eclogites, both during eclogite formation and retrogression, being slow compared with the rates of change in P and T, they preserve textures (Fig. 2) which can be used as tool to unravel the metamorphic history of these rocks. As a result of this, in well-preserved eclogite samples under study the reaction textures testify three main metamorphic stages: (i) an eclogite stage with late blueschist facies metamorphism, (ii) a medium-pressure amphibolite facies stage, and (iii) a lowpressure amphibolite to greenschist facies stage. From the textures observed, zoning in minerals and mineral inclusions in garnet, the following paragenesis of minerals can be inferred. The primary minerals of protoliths are magnetite, apatite, rutile, zircon, clinopyroxene, plagioclase and paragonite. In the eclogites the textures of replacement of omphacite by plagioclase-diopside symplectite and replacement of omphacite by plagioclase-amphibole are observed. The plagioclase of igneous protoliths on metamorphism gives omphacite + quartz + zoisite, while clinopyroxene gives Naclinopyroxene + quartz. This is reflected in the omphacite composition, wherein omphacite shows increase in Al and Na and decrease of Mg and Fe from core to rim (Table 1) . This explains the decrease of plagioclase and also becoming more sodic, until the albite component begins to react with pyroxenes to generate omphacite during eclogite formation. The outgoing of plagioclase can be represented by the reaction albite + pyroxene = omphacite + quartz. The process involves the replacement of Ca, Mg, Fe in pyroxene by Na and Al in plagioclase during HP metamorphism of metabasics. The other possible reason could be that, during increase P and T, the breakdown of paragonite will enhance the Jd content in the clinopyroxene phase, consequently clinopyroxene not only becomes omphacite but approaches the ideal composition. The incoming of garnet could be a result of enstatite + anorthite = garnet + diopside + quartz. The omphacite pyroxenes along with garnet are transformed Considering the association of glaucophane in eclogites, some authors mention glaucophane (actually a crossite) to be present in equilibrium (Pognate et al. 1988 ) with garnet + omphacite + rutile and others consider it to be a late or post-eclogite, phase grown by re-equilibration (Godard et al. 1981; Ernst and Dal 1978) under declining physical conditions. It is observed that in eclogites the earlier blueschist facies stage minerals such as crossite do not occur as fine-grained inclusions within garnet. However, during growth stage of garnet, they show the inclusions of ferroricherite or ferroan-paragasitic hornblende (Table 4 and Figs. 2b and 2c) suggesting glaucophane to be of late eclogite facies stage, probably involving reactions such as garnet + omphacite + paragonite = glaucophane + clinozoisite and albite + paragonite = glaucophane. Black (1977) studying the progressive metamorphism of glaucophane schists to eclogite from New Caledonia, found that calcic amphibole changes progressively from actinolite to barroisitehornblende with increasing metamorphic grade. Instead in the eclogites, the amphibole progressively changes from glaucophane to magnesio-hornblende (Table 3) , which further suggests that progressive metamorphism of glaucophane schist to eclogite metamorphism is not observed. Thus it is interpreted that the eclogite facies stage is followed by the introduction of late stage blueschist facies minerals such as glaucophane, epidote and titanite, and that the glaucophane and titanite form in eclogites as pressures decrease during exhumation of the rocks.
The chemical variation in amphiboles is also indicative of the change in physical conditions during various stages of metamorphic history of eclogites. The chemical zoning in amphiboles, the minimum occupancy of 'A-site' in amphiboles for core composition of amphiboles (0.02-0.07; Table 3 ) corroborate with low temperature/high pressure conditions attained during eclogite facies metamorphism, and their progressive increase in 'A-site' occupancy towards rim (0.08-0.29; Table 3 ) suggest the increase of temperature and decrease of pressure that attained during the retrogressive stages of amphibole to greenschist facies metamorphism (Brown 1977; Holland and Richardson 1979) . Further, the amphiboles in equilibrium with garnet and omphacite comprise both sodic and calcic (or sodic-calcic) members. Although it was originally interpreted as a product of (Ernst and Dal 1978, Ernst 1981) , this Ca-Na amphibole of barroisite composition has been reinterpreted as being associated with glaucophane as a consequence of an equilibrium miscibility gap which closes at about 600 0 C (Reynard and Balle'eve 1988) . Barroisite and even winchite appear to replace glaucophane completely under higher T eclogite facies conditions (Maresch et al. 1982) . The sudden compositional variation at the rims of amphiboles (Table 3 ) and also reflected in Fig. 2d could probably represent the equilibrium miscibility gap in amphiboles under study.
The final uplift and cooling are recorded by further deformation and retrograde recrystallization to epidoteamphibolite facies and ultimately greenschist facies assemblages. During the initial stage of garnet-epidote amphibolite stage, excess Ca is accommodated in epidote mineral (mostly zoisite, but also clinozoisite). Attendant with this recrystallization was the first development of barroisitichornblende and late of magnesio-hornblende at the expense of barroisite. At a later stage it resulted in the formation of dolomites, chlorites and biotites during the further retrogression to greenschist facies metamorphism. In the continuing retrograde development through amphibolite and greenschist facies, the fluids which were earlier rich in CO 2 phase again become enriched in H 2 O, due to the preferred incorporation of CO 2 in dolomite at low temperature (Franz and Spear 1983) . It also explains the presence of carbonate phase in these rocks. The late stage H 2 O fluids plays a very important role in the retrogression of eclogites to amphibolites, which can be expressed by the equation: garnet + omphacite + H 2 O = hornblende + plagioclase. Initially the formation of hornblende and plagioclase develop along the margins of the eclogites, and then grow progressively inwards, explaining the development of amphibolites of the Tso-Morari region.
CONCLUSIONS
Using observed textural and mineral paragenesis, and the stability relationship of both Na and Na-Ca amphiboles it is summarized that the basic protoliths first underwent eclogite facies metamorphism, accompanied by a late stage blueschist facies metamorphism, and followed by recrystallization under epidote amphibolite and greenschist facies conditions. The significant retrogression of eclogite facies assemblages (via epidote-blueschist facies assemblage) to greenschist facies assemblages observed in the rocks under study suggests a more or less isothermal uplift path.
